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ABSTRACT In this study, we examined concepts and applications deriving from the use of natural 
time to understand earthquake dynamics. In particular, the nowcasting concept is used 
to assess the current state of the fault system and its current level of progress through 
the earthquake cycle for Kermanshah city (as a centre of the Kermanshah province), in 
a radius circle of 500 km, as well as a seismic-prone region such as Sarpol-e Zahab and 
the surrounding area in radius circles of 100, 150, and 200 km. Of note, the nowcasting 
approach identifies a large seismically active geographic zone within which a local 
region of interest is embedded. Because statistical measurement of observed seismicity 
is critical for understanding earthquake dynamics and future risk, we computed the 
earthquake potential score (EPS) as the cumulative number of small earthquakes since 
the last large event in the studied region. The EPS values for occurrences with M ≥ 6.0 
within radius circles of 100, 150, and 200 km surrounding Sarpol-e Zahab city are 87, 
93, and 96%, respectively.
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1. Introduction

This paper explores the concept of ‘nowcasting’, an idea arising from finance and economics 
(Rundle et al., 2016), to evaluate the current status of the local earthquake fault system or 
development over the duration of frequent regional earthquakes. This is in contrast with the 
prediction, namely an estimation of the likelihood of potential significant earthquakes. The first 
use of natural time was used by Varotsos et al. (2005, 2011), and, then, by Holliday et al. (2006) 
with an emphasis on the application of the nowcasting method. It was also proposed that natural 
time analysis could be used in various areas. Recent studies have shown that nowcasting is a new 
technique for calculating the seismic risk level based on natural time (Rundle et al., 2016, 2018, 
2019, 2020; Luginbuhl et al., 2018a, 2018b; Flores-Márquez et al., 2020). We emphasise that the 
term ‘earthquake cycle’ applies to the frequent events in a seismically active region, but not to 
individual fault events (Sornette and Knopoff, 1997).

The nowcast method used here is not a model in that there are no free parameters to be 
fit to data. Rather, the method is simply a presentation of statistical data, which the user, then, 
interprets. The objective is to determine the amount of ‘progress’ of a seismically active region 
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through its earthquake cycle, which refers not to events on an individual fault, but to the recurring 
events in a seismically active region (Sornette and Knopoff, 1997).

Nowcasting, that describes the present state of a system, differs from forecasting, which looks 
forward in time (Holliday et al., 2005, 2016; Field, 2007; Rundle et al., 2012). Forecasting is the 
computation of future probability, whereas nowcasting is the assessment of the system’s current 
state. If a method is employed to project the current state into future states, nowcasting can be 
utilised as a basis for forecasting. Actually, nowcasting should be considered a requirement for 
forecasting, or estimating the system’s future state (Rundle et al., 2016).

Earthquake nowcasting focuses on the assumption that powered threshold mechanisms, 
for instance earthquake fault systems, often present a power-law statistical distribution of 
magnitude consisting of small and large earthquake distributions. For earthquakes with an M > 
6.0, the greatest damage and number of injuries are incurred. Many small events with different 
sizes and magnitudes are interspersed between these large events (Pasari, 2019).

In this study, we consider the nowcasting approach to estimate the current level of earthquake 
hazard in the seismic-prone Kermanshah province and adjacent regions. We compute the 
earthquake potential score (EPS) for the seismically Sarpol-e Zahab region. We assume that 
the underlying seismicity statistics of locally defined circular regions are embedded in the 
Kermanshah province. This assumption seems reasonable in light of ergodic dynamics in the 
statistical physics of seismicity, in which the statistics of smaller regions over longer times are 
considered to be similar to the statistics of broader regions over large spatial domains and longer 
periods (Holliday et al., 2016). In other words, we assume that the ensemble spatial average 
statistics of natural time would not be different from the time average resulting from mutually 
exclusive smaller seismotectonic subdomains (Tiampo et al., 2003). The nowcasting method is 
implemented for large M ≥ 6.0 events using natural time statistics of 4.4 ≤ M < 6.0 events that 
often cause damage to engineering structures and detrimental economic effects.

2. Basic nowcast method

The magnitude-frequency law of Gutenberg-Richter (G-R) (Gutenberg and Richter, 1942; 
Scholz, 1990) is a basic model that can be used to demonstrate that the number of small 
earthquakes with magnitudes greater than Mα but smaller than Ml is the known value of N on 
average. It is noted that there are two parameters for the G-R model, namely a and b, which 
must be consistent with the data being observed:

(1)

where the b-value denotes the ratio between the small and large events (which is nearly equal 
to 1 in seismically active regions), the a-value defines the background seismicity rate, and N is 
the number of earthquakes with a magnitude greater than M (Scholz, 1990). We consider small 
earthquakes of magnitude 4.4 ≤ M < 6.0, and large earthquakes of magnitude M ≥ 6.0 that have 
occurred since 1 December 1955 and are derived from the U.S. Geological Survey (USGS), 2017 
online catalogue. Considering the area identified in this study (Sarpol-e Zahab region) by a radius 
circle of 350 km, we use the natural time to calculate the current hazard of the defined seismically 
active area.
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It would be rational to conclude that a large earthquake will occur in the fairly near future as 
seismicity continues to accumulate, given the general statement that 50 small earthquakes have 
occurred since the last large earthquake (Rundle et al., 2020). Hence, the current risk level for 
earthquakes greater than M > 6.0 will be estimated to be high. Obviously, it could be years until the 
large earthquake might happen, but this is the universal concept behind this (Rundle et al., 2020).

3. Results and discussion

3.1. Study area and earthquake data

In order to illustrate the nowcasting method in this work, we begin with nowcasts of the 
earthquake potential in the centre of Kermanshah province (Kermanshah city: lat. 34.31° N, lon. 
47.07° E) with a radius of 500 km, as illustrated in Fig. 1. We obtain earthquake statistics as well 
as the present EPS values for earthquakes with magnitudes greater than Mλ = 6.0 in the entire 
region. We, then, turn to a region in radius circles of 100, 150, and 200 km around the Sarpol-e 
Zahab. We again obtain the present EPS values for earthquakes in this region greater than Mλ 
= 6.0. Since December 1955, there have been 21 earthquakes in the studied region (between 
latitudes 30° to 39° N and longitudes 42° to 53° E) with magnitudes Mλ ≥ 6.0 (see Table 1). In 
this region, we use a completeness magnitude of Mα = 4.4. It is worth noting that, according to 
the study by Rundle et al. (2016), we have enough data to span at least ~20 or larger earthquake 
cycles in the region. We, then, compute the EPS, which is defined as the cumulative probability 
distribution, P[n < n(t)] for the current count n(t) of the small earthquakes in the region.

As a simple example of using natural time method to rank the current hazard of a defined 
seismically active region, consider the region described by the radius circles up to 350 km 
surrounding the Sarpol-e Zahab region (lat. = 34.77o, lon. = 45.76o), and where the estimated 
value of b (as the slope) is nearly 1.19: there are approximately 64 earthquakes (Mα) 4.4 ≤ M 
< 6.0 (Ml) for each M ≥ 6.0 earthquake. Just prior to the M 6.3 earthquake in Sarpol-e Zahab 
on 25 November 2018, a total of 108 earthquakes with 4.4 ≤ M < 6.0 occurred at 21:48 local 
time (18:18 GMT) since 12 November 2017: a destructive earthquake (Mw = 7.3) happened 5 
km north of Ezgeleh and 43 km north of Sarpol-e Zahab in the Kermanshah province of Iran, 
near the border of Iraq-Iran, causing hundreds of deaths and thousands of injuries and building 
damage and collapse, mostly in the Kermanshah (Maleki Asayesh et al., 2018). Based on this, we 
can conclude the nowcast Sarpol-e Zahab ranking has returned to its preceding hazard level. The 
actual statistics of the observed number or frequency of earthquakes may deviate significantly 
from Eq. 1 over a smaller geographic area and shorter time periods.

As shown in Fig. 2, we are building the G-R number-magnitude statistics. Statistics defined by 
blue circle symbols are taken from all earthquakes with completeness magnitudes greater than 
4.4 since 1955, while red square symbols are all earthquakes of magnitude 4.4 ≤ M < 6.0 from 
just after M = 7.3 from 12 November 2017 to 9 January 2020. The results have good fit at nearly 
all magnitude intervals with a G-R scaling line (red dash line) with a slope of ~1.19 (b ~1.19). The 
recording of similar data for all small earthquakes arising just after the maximum event (M 7.3, 
radius = 350 km) around the Sarpol-e Zahab is shown with the red square symbols. The blue 
dashed line is a G-R line with the alike deviation as the red dashed line for the vast area (b = 
1.19). Furthermore, earthquake symbols in the large area closely follow the red dashed G-R line 
up to ~M 7.0 in the large region, while the blue dashed line below M 5.0 is closely followed by 
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Fig. 1 - The region shown in this figure (Kermanshah province region) will be used to illustrate the nowcast method. 
We also consider the Sarpol-e Zahab region at the centre of the black circle with a radius of 200 km. Red dots repre-
sent events with Mλ ≥ 4.4 for the period 1 December 1955 to 9 January 2020.

Fig. 2 - G-R magnitude frequency data of the Sarpol-e Zahab, Kermanshah-Iran (r = 350 km). The blue circles are all 
earthquakes with M ≥ 4.4 for the studied area as a whole, from 1 December 1955 to 9 January 2020. The red squares 
are all earthquakes with 4.4 ≤ M < 6.0 after the last M 7.3 earthquake that occurred in the Sarpol-e Zahab region on 
12 November 2017.
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recent earthquakes (red square symbol). The red square symbols drop below the blue dashed 
line for earthquakes with M > 5.0. Thus, it seems there is a shortage of larger events that will 
finally be filled by the occurrence of large earthquakes, assuming that the G-R statistics are the 
same both in small and large areas.

Table 1 - List of earthquakes M ≥ 6.0 occurring in the Kermanshah city in 1955 and later (r = 500 km).

No.
Date Location Magnitude

(Mw)
Depth
(km)

Interevent count of
4.4 ≤ Mα < 6.0 eventsyear month day Lat. N (°) Lon. E (°)

1 1957 12 13 34.388 47.748 6.5 15 3

2 1958 8 16 34.29 47.867 6.7 15 3

3 1962 9 1 35.656 49.843 7.0 15 2

4 1963 3 24 34.438 47.882 6.0 20 2

5 1967 1 11 33.989 45.738 6.1 35 -

6 1977 4 6 31.983 50.683 6.0 41 71

7 1978 11 4 37.674 48.901 6.2 34 37

8 1978 12 14 32.139 49.646 6.2 33 -

9 1980 5 4 38.053 48.985 6.2 46 23

10 1990 6 20 36.957 49.409 7.4 18.5 272

11 1997 2 28 38.075 48.05 6.1 10 248

12 2002 6 22 35.626 49.047 6.5 10 170

13 2004 5 28 36.29 51.61 6.3 17 87

14 2006 3 31 33.5 48.78 6.1 7 114

15 2012 8 11 38.329 46.826 6.4 11 236

16 2012 8 11 38.389 46.745 6.2 12 1

17 2014 8 18 32.703 47.695 6.2 10.2 133

18 2014 8 18 32.5827 47.7037 6.0 5 36

19 2017 11 12 34.9109 45.9592 7.3 19 168

20 2018 8 25 34.6111 46.2422 6.0 10 173

21 2018 11 25 34.3609 45.7443 6.3 18 33

Since the greatest earthquake of magnitude M = 7.3 on 12 November 2017, the most 
powerful earthquake in this series was the M = 6.3 earthquake of 25 November 2018. It should 
be noted that the G-R relationship is not perfect in the sense that the data do not establish 
a linear scale relationship across the whole spectrum of magnitude. In particular, there is an 
obvious earthquake shortage greater than M 6.0, which will inevitably have to be filled at the 
high end if a linear G-R relationship is to be considered (see Fig. 2). Instead, the information in 
Fig. 2, after the earthquake of M = 6.3 on 25 November 2018, displays that the scaling line is re-
established at the end of the small magnitude. The b-value of the scaling line in Fig. 3 is almost 
similar to that in Fig. 2, and there is a shortage in large earthquakes comparative to the scaling 
line. Finally, this shortage in large earthquakes is eliminated as large earthquakes occur.
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The seismic moment relationship suggested by Hanks and Kanamori (1979) is a linear 
relationship of magnitude and the natural moment logarithm that would eventually be filled by 
the G-R distribution. It is, therefore, expected, on the basis of the principle of natural time, that 
this deficit will be gradually filled by the occurrence of large earthquakes over time.

The M 6.3 magnitude earthquake in the Sarpol-e Zahab region on 25 November 2018 is proof 
of this claim that can be justified by the least-squares method and we will reach an approximate 
number of ~6.3 along the blue dashed line and its intersection with the X-axis. Now, we wish to 
examine the same model for earthquakes with magnitude M ≥ 6.0 after the 25 November 2018 
earthquake; consequently, in the frequency diagram in Fig. 3, we examine the earthquakes after 
the M 6.3 earthquake. The red square symbols are clearly located below the blue line. According 
to the principle of natural time, the lack of earthquakes greater than 6.0 is explicitly known to be 
gradually filled by the occurrence of large earthquakes, and this shortage is expected to be filled 
over time. This would mean that an earthquake of M ~5.9 could be probable if the scales were 
to be preserved for all magnitudes (see Fig. 3).

Fig. 3 - G-R number-magnitude statistics for the Sarpol-e Zahab region. The blue circles are all earthquakes with  
M ≥ 4.4 for the area as a whole since 1955. The red squares are all earthquakes with 4.4 ≤ M < 6.0 after the last M 6.3 
earthquake that occurred in the Sarpol-e Zahab region on 25 November 2018.

3.2. Average earthquake statistics

Driven threshold systems indicate some of the most self-organising systems, essentially non-
linear in nature, including earthquake fault networks, the global web, and neural networks, as 
well as many social, ecological, and political systems (Fisher, 1985; Bak et al., 1987; Gopal and 
Durian, 1995; Herz and Hopfield, 1995; Rundle et al., 1995; Urbach et al., 1995; Fisher et al., 
1997). These systems have dynamics that are closely associated with time and space having 
a multiplicity of temporal and spatial scales. If the correlations between the components are 
long and the coupling minimal, such that the dynamics can be viewed as a mean-field, the 
fluctuations tend to be suppressed and the system can reach a steady state (Tiampo et al., 2003). 
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Because of the nature of the stress mechanism, the fundamental elastic behaviour between 
fault patches results in the creation of a mean-field regime for the earthquake system (Rundle 
et al., 2018). In particular, a variety of studies revealed that simulations of statistically stationary, 
dissipative mean-field models effectively explain ergodic dynamics, and these model systems 
occur in a number of physical states that are close to or metastable (Thirumalai and Mountain, 
1993; Rundle et al., 1995; Ferguson et al., 1999; Egolf, 2000).

The system evolves into an energy landscape approach related to the time-dependent system 
that occurs in one of the large number of scale-invariant free energy minima or wells that 
dotted the landscape (Wales, 2004). Fluctuations in the energy wells are attributed to the scale-
invariant properties, power-law distributions, and the end of repetition of small earthquakes. As 
the topography of the landscape is regularly evolving, there will occasionally be times when the 
system escapes from its local energy well in a nucleation event, subsequently landing in another 
nearby energy well. The nucleation phenomenon is associated with a significant earthquake 
(Rundle et al., 2018).

The ergodic property of the seismicity system is one in which the overall average gives the 
same result as the time average. The total average is likely to be the spatial average, in that a 
large seismically active region is considered to consist of non-overlapping subdomains of smaller 
seismic zones. Thirumalai and Mountain’s (1993) metric was used to determine the ergodic 
properties of the seismicity systems. An ergodic system is one in which ensemble averages yield 
the same result as time averages (Rundle et al., 2018). According to whatever is discussed by 
Rundle et al. (2018), the G-R scaling line was fitted over the magnitude interval 4.4–6.0 and 
yields a b-value of 1.19. As a result, by understanding the relationship, b = [1.5 / (τ - 1)], we 
implied that the value of τ = 2.26 is close to the value of τ ~2.5 characteristic of the mean-field 
and near to the main-field systems. Similarly, we find that the value for the mean-field systems 
is σ = 0.89. Klein et al. (2007), with relationship log10 [n(M)] = a - bM - 101.5 σ (M-M0), addressed the 
physical importance of this when applied to earthquakes.

The assumption that the values of scaling exponents (τ and σ), in particular their mean-field 
values, suggest that the seismicity is likely to have ergodic properties, and, therefore, the time 
averages should be equal to the overall or spatial averages (Rundle et al., 2018). Instead, the 
shortage of large earthquakes in the G-R numbers means that eventually the occurrence of large 
earthquakes will have to be filled. 

3.3. Nowcasting seismic risk

The key purpose is to characterise a number at a certain time for a specified small geographical 
area until the current potential for a large earthquake to happen in an area, which is vulnerable to 
repeated large earthquakes, is described (Rundle et al., 2018). The earthquake cycle is described 
as the interval between two large earthquakes in a seismic area. We indicate the large earthquake 
magnitude as Mλ, which has the potential to cause reasonable damage if it occurs nearby it. We 
measure the potential by calculating small earthquakes, whose magnitude is indicated by Mα. 
The magnitude of the large earthquake is chosen to ensure that the appropriate earthquake 
interval will provide suitable statistics. The magnitude of small earthquakes is usually determined 
by the level of completeness of the catalogue, but can also be reported within a given range as a 
free parameter. The inter-event count of small earthquakes (magnitudes ranging from Mα to Mλ) 
for two successive large events is unpredictable (Rundle et al., 2016). The aim of this work is to 
construct a cumulative distribution function (CDF) or probability density function (PDF) for small 
earthquake counts (Pasari, 2019). The CDF can be calculated by tabulating the number of small 
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earthquakes occurring between two large earthquakes and using standard methods (Bevington 
and Robinson, 2003).

It should be noted that one of the problems related to nowcasting is due to the fact that 
the catalogues of earthquakes are certainly not complete, especially for small magnitude 
earthquakes. Small events detected during the aftershock series may not be recorded in full 
due to instrumental problems. Another issue is that large earthquakes are of interest, which 
are undoubtedly limited in number compared to events that have several cycles of activity in 
the larger area. As a result of this constraint, the magnitude of large earthquakes is likely to be 
limited to approximately Mλ ≥ 6.0. It is known that the basis for the nowcast is the utilisation of 
natural time, which is the calculation of small earthquakes after the last major earthquake. There 
are certain benefits of using natural time as follows:
1)  there is no need to separate the aftershocks (‘decluster’) from the background seismicity;
2)  specific statistics on natural events are used, instead of the amount of seismicity that is often 

acquired with respect to calendar time.
The G-R magnitude-frequency relationship (Scholz, 1990) may be used to show that the 

average number of small earthquakes with magnitude greater than Mα but less than magnitude 
Mλ is known as N. Using the G-R law, we can calculate N for an average number Navg of earthquakes 
greater than M:

(2)

where the value of b is normally close to 1 and the value is determined by the level of seismicity 
in the area (Scholz, 1990). If we denote by Nα = 10ax10-bMα and Nλ = 10ax10-bMλ, the average 
number of earthquakes with magnitudes greater than Mα and Mλ, respectively, thus we find 
(Rundle et al., 2016):

(3)

For the earthquake mechanism, the number of small earthquakes is also used as an indicator 
of the passing of natural time. Note that N is not dependent on a. The mean inter-event 
count will be named the average number N of small earthquakes among large earthquakes. 
Statistically, we can express the progress through the regional earthquake cicle, or potential 
for a large earthquake to occur with a magnitude greater than Mλ by calculating the CDF of 
small earthquakes with a magnitude greater than Mα but smaller than Mλ: Mα ≤ M ≤ Mλ.

We organise the number of small earthquakes for every large earthquake period from the 
USGS earthquake catalogue to calculate the CDF. This is, then, used by standard methods to 
describe the PDF and the CDF (e.g. Bevington and Robinson, 2003). When we have acquired the 
CDF, the current number of small earthquakes n(t) can, then, be used at time t to measure the 
current value of the CDF, P[n ≤ n(t)]. Note that, after the last large earthquake, t is the (calendar) 
time, and n(t) is the number of small earthquakes. This value is known as the EPS at the time t:

(4)
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In the distinct geographical area, the EPS value is known to be the potential of the next 
large earthquake with a magnitude greater than Mλ. Since the last large earthquake, EPS will 
rise monotonically over time. Right after the next large earthquake, it will return to EPS = 0, and, 
then, start to rise monotonically again before the next large earthquake happens. We note 
that the method of nowcasting, a priori, does not provide a model; it is merely a system of 
data tabulation and analysis. However, to the degree that the findings have significance, it 
is a clear way of estimating, via the seismic period of large earthquakes, the progress of an 
area. As our research is independent of the seismic activity scale, as seen in Eq. 3, it can be 
extended either to the large geographical area used for statistics or to some smaller area in 
the larger area.

3.4. Sensitivity analysis

The current work includes six candidate probability models from time-dependent and time-
independent distributions, namely normal, lognormal, gamma, exponential, Weibull, and inverse 
Gaussian, to provide a comprehensive statistical analysis of earthquake interoccurrence times in 
the studied region. The Kolmogorov-Smirnov (K-S) test is recommended among goodness-of-fit 
tests for the comparison and validation of the considered distributions owing to two benefits, 
namely, its non-parametric nature and the ability to analyse the overall fitting analysis of the K-S 
plot (Johnson et al., 1995). The cumulative distribution is the best fit model for evaluating the 
current number of small earthquake counts in the study region to provide a numerical EPS for 
the area (Mirhoseini et al., 2021). The calculated K-S values for Kermanshah city with a radius of 
500 km are listed in Table 2.

Table 2 - The estimated best fit distribution models using the K-S statistic test.

Distribution 
model Normal Lognormal Gamma Weibull Exponential Inverse 

Gaussian

K-S test 0.199868 0.204995 0.211280 0.198736 0.253777 0.715655

The EPS values for Ml ≥ 5.5 and 6.0 earthquakes in the region considered to be a circular 
zone were determined using small events of threshold magnitude Mα. We used the essential 
natural time statistics for the selected area to find the best-fit CDF. As can be seen in Table 
3, the estimated K-S statistic values have shown that the Weibull distribution models are the 
best suited to reflect the present Sarpol-e Zahab earthquake catalogue and its surrounding 
areas under the considered conditions (Mα = 4.4; Ml ≥ 5.5 and 6.0). Furthermore, for a fixed 
threshold magnitude Mα, with a radius increasing from 100 to 200 km, the EPS value increased 
(Table 3).

Fig. 4 shows the results of the EPS value calculations for Mλ ≥ 5.5 and 6.0 within 100-, 150-, 
and 200-km radius of the Sarpol-e Zahab area. The CDFs P[n ≤ n(t)] of the histogram values are 
shown by the blue curves. The number of small earthquakes since the last large earthquake is 
represented by the red circles. The thermometer on the right side is a visual depiction of the 
current cumulative probability, which specifies the EPS values for various radii and magnitudes 
Mλ. The red data-derived curve is the best fitting Weibull (1951) distribution. The obtained 
EPS score for M ≥ 5.5 recovered to an average value of 72.3%, showing that this area is in a 
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comparatively mature seismic state, while the EPS findings for M ≥ 6.0 are estimated to be 
92%. By this measure, the Sarpol-e Zahab region is near the end of its current earthquake cycle 
for events M ≥ 6.0 (see Table 3 and Fig. 4).

Table 3 - Earthquake potential scores around Sarpol-e Zahab and surrounding areas.

Parameters
EPS (%) score 
on 9 Jan. 2020

Natural time count 
on 9 Jan. 2020

Data last large 
event

Magnitude last 
large event

Best-fit model 
(K-S)

Ma Ml r (km)

4.4 5.5

100 60 25 2019.01.06 5.6 Weibull

150 75 33 2019.01.06 5.6 Weibull

200 82 38 2019.01.06 5.6 Weibull

4.4 6.0

100 87 43 2018.11.25 6.3 Weibull

150 93 51 2018.11.25 6.3 Weibull

200 96 56 2018.11.25 6.3 Weibull

We used the natural time concept and the nowcasting approach to evaluate large earthquakes 
that occurred during the time period and in the study area to provide a seismic map of the 
considered geographical region. Fig. 5 depicts (Wessel and Smith, 1995) the estimated current 
EPS values as a risk map.

The increasing blue curve is the CDF = P[n ≤ n(t)] calculated from the large earthquake 
intervals. 64 earthquakes have occurred in the area with M ≥ 4.4, since the last M ≥ 6.0 on 25 
November 2018, while for the last M ≥ 5.5 on 6 January 2019, we had only 45 earthquakes. After 
the last large earthquake, the natural time count of M ≥ 6.0 events using the cumulative number 
of small earthquakes N and the estimated current potential magnitude MP of the forthcoming 
great earthquake at the present time is given by:

(5)

where Mc reflects the catalogue completeness magnitude, Ns is the current count of small 
earthquakes increasing in time, and b denotes the G-R b-value. By applying Eq. 5 with Mc = 4.4, 
b = 1.19, and Ns = 64 in the Sarpol-e Zahab region, an approximation of the possible magnitude 
of the latest potential great earthquake as MP = 5.9 can be found. This is consistent with the 
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Fig. 4 - Nowcast for the M ≥ 5.5 and 6.0 earthquakes in the Sarpol-e Zahab region. Blue curves are the best CDF. The 
red dots represent the current number of small earthquakes after the last large earthquake of M 5.5 and 6.0 on 6 
January 2019 and 25 November 2018, respectively.
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potential for the next earthquake in Fig. 2, which suggests that an earthquake with a magnitude 
of nearly 5.9 will occur in the near future. The current EPS for M ≥ 6.0 is estimated at 50%, 
suggesting that the studied region is obviously halfway through its great earthquake cycle. The 
information we have downloaded from the global earthquake catalogue of the USGS is given “as 
it is”, but results from different catalogues cannot be compared (Rundle et al., 2020). However, 
the estimated threshold of completeness and the cut-off date, the date on which the catalogue 
is meant to be finished at the M > 6.0 rates, may differ.

Fig. 5 - Current state of earthquake hazard for Kermanshah city with a radius of 500 km.
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Because the data was downloaded from the USGS global earthquake catalogue, we are 
unable to compare results from different catalogues. However, we can change the assumed 
completeness threshold, as well as the cut-off date, the date after which the catalogue is 
supposed to be complete at the M ≥ 4.4 level. Because of the latest great earthquake of 12 
November 2017, we have two different cut-off dates of 1 January 2013 and 1 January 2018 in 
order to calculate the EPS analysis for completeness magnitudes from Mc = 4.2 to 4.6 as seen in 
Table 4. In this regard, we have downloaded the data from 1 December 1955 to 9 January 2020 
from the USGS global catalogue, with the indicated completeness magnitude to produce this 
table. We, then, used actual counts of small earthquakes after the indicated cut-off date. Prior to 
the cut-off date, small earthquake numbers were calculated on the basis of the small earthquake 
happening rate after the cut-off date and, then, calculated by the time span from the date of the 
large earthquake to the cut-off date. In order to obtain the average value of the EPS along with 
its expected error, we, then, measure the EPS’s sensitivity to changes in these parameters.

We determined a cut-off date for the Kermanshah region of 1 January 2013. As can be seen 
in Table 4, the EPS value is consistent with all the magnitudes of completeness studied and has 
the highest EPS value at 94%, using a completeness magnitude of Mc = 4.4. For this reason, 
as noted above, the two large earthquakes in the catalogue (see Table 1) for that region with  
M 6.4 and 6.2 occurred on 11 August 2012, and its high EPS value may be due to the occurrence of 
aftershocks later that led to a higher small earthquake count. On the other hand, this region has 
two larger earthquakes with M ≥ 6.0 on 18 August 2014, which may have increased the number 
of foreshocks before the occurrence of the main shock. In addition, the EPS value increased up 
to 99% if the cut-off date is changed to 1 January 2018 (see Table 4). The explanation for this 
increase in EPS value is because the studied region had three significant earthquakes over the 
five-year period (from 1 January 2013 to 1 January 2018), two events on 18 August 2014 and 
one on 12 November 2017. It should be mentioned that another rationale for using 1 January 
2018 as a cut-off date in this study is that we experienced two significant earthquakes with  
M ≥ 6.0 on 25 August 2018 and 25 November 2018. Table 4 shows that changing Mc introduces 
just a few percent of uncertainty. However, the results reveal that changing the cut-off date from 
2013 to 2018 has a significant impact if the major earthquake date shifts from before to after the 
cut-off date (see Table 4).

Table 4 - Sensitivity analysis and the earthquake potential scores (%) in a radius of 500 km around the Kermanshah city.

Cut-off date

Completeness magnitude

Average EPS (%)

4.2 4.3 4.4 4.5 4.6

2013/01/01 94 94 94 88 79 89.8

2018/01/01 99 99 99 98 97 98.4
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4. Conclusion

In this study, we examined the natural time concept and applied it to the topic of assessing the 
current seismic state of a defined geographic area during a local earthquake. For dates between 
1 December 1955 and 9 January 2020, we used the nowcasting approach to estimate earthquake 
hazards in Kermanshah province, namely Sarpol-e Zahab and the surrounding area. The nowcasting 
applicability requires that the studied seismicity satisfies the G-R frequency magnitude with a 
reasonable approximation. The least-squares fit of the truncated G-R gives Mmax ≈7.0.

Based on the previous studies involving the nowcasting approach, we defined a local region 
(Sarpol-e Zahab) in which one or more large earthquakes have occurred and that is an area of 
interest for analysing the local level of current hazard. We note that the selection of the local 
region is arbitrary. The basic assumption is that the statistics of the large region (Kermanshah 
city with a radius of 500 km) also characterise the statistics of the local region in terms of small 
earthquake occurrence. It should be emphasised that the nowcasting approach identifies a large 
seismically active geographic zone within which a local region of interest is embedded.

In the nowcasting approach, we calculate the CDF for the number of small earthquakes 
between large earthquakes during a sequence of earthquake cycles. The Weibull distribution 
proves to have the best goodness-fit tests within a radius of 500 km around the studied region. 
We calculated the EPS as the cumulative number of small earthquakes since the last large event 
because statistical measurement of observed seismicity is crucial for understanding earthquake 
dynamics and future risk. The EPS values for M ≥ 6.0 occurrences within radius circles of 100, 
150, and 200 km neighbouring Sarpol-e Zahab city are 87, 93, and 96%, respectively.

We also linked the outcome of a preceding study (Rundle et al., 2018), that reported 
performance ergodic dynamics in seismicity areas, and the ensemble (spatial) averages should 
be interchangeable with temporal averages. This means that the long-term seismicity estimates 
of local areas may be comparable to the statistics on the seismicity of larger regions in a much 
shorter time span. We obtained t = 2.26 and s = 0.89, which are close to the value of t ~2.5 and 
s = 1.0. These characteristics of the mean-field systems explained the physical importance of 
this when applied to earthquakes. For significant earthquakes, namely M ≥ 6.0, that happened 
after 2013, including two large earthquakes on 18 August 2014 (M = 6.2 and 6.0), the major 
earthquakes on 12 November 2017 (M = 7.3), 25 August 2018 (M = 6.0), and 25 November 
2018 (M = 6.3), the method is fairly reliable in that it is relatively insensitive to the choice of the 
completeness magnitude (Table 4). The approach also relies on the hypothesis of completeness 
of the catalogue of earthquakes analysed after a given cut-off date.
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rably improve our paper.
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